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ABSTRACT
The selective oxidation of p-cydodextrin at C-2 on one glucose residue was
attem pted. The oxidation pathw ay involved form ing the 2,3- m a n n o epoxide,
opening the epoxide w ith phenyl selenide anion selectively at the 3-position,
oxidizing to the phenyl selenoxide, and finally, elim inating to the enol, which
tautom erizes to the desired ketone. D ue to the size and complexity of the
cyclodextrin molecule, the proposed pathw ay was first attem pted on a model
com pound, benzylidene m ethyl glucoside, and then applied to p-cyclodextrin. Data
from thin-layer chrom atography and proton NMR are consistent w ith successful
oxidation to the 3-deoxy-2-uIose of both the m odel com pound and the cyclodextrin.
The oxidized cyclodextrin is a useful precursor for the W ittig reaction. This
procedure is of interest in tethering p-cydodextrin to dicyanoanthracene w ith the
intent of synthesizing a host that possesses photocatalytic properties.

THE SELECTIVE OXIDATION OF p-CYCLODEXTRIN
ON THE SECONDARY FACE
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Introduction
Biological system s are able to elegantly perform chemical reactions rapidly
and with incredible specificity. Enzymes are chiral protein catalysts responsible for
most of the processes. The beauty of enzym es lies in their ability not only to to
catalyze the chemical reaction of the substrates they act upon, but also to bind the
substrates in such a way as to facilitate the specificity of the reaction. While
chemists have used catalysts in m any types of reactions, few catalysts allow chem ists
to control reactions w ith the elegance of enzymes.
In recent years, there has been m uch interest in the study of cyclodextrins as
possible enzym e mimics. The cyclodextrins are cyclic oligomers of glucose able to
form inclusion com plexes w ith organic m olecules in aqueous solutions, pro v id in g
binding for possible substrates (guests). Cyclodextrins also have hydroxyl groups
surrounding their two faces (prim ary and secondary), which provide sites for
derivatization w ith functionalities that could change the binding environm ent and
react chemically w ith the guest. By carefully choosing the m ethod of derivatization,
one could conceivably optim ize the binding of particular guest molecules, and
control the specificity of the reaction.

3
OH

Reactive/derivatization sites

OH

Hydrophobic Cavity

Figure 1: General properties of cyclodextrins

Cyclodextrins have been successfully m odified to m im ic the activity of certain
natural enzym es, but they have also been derivatized w ith the goal of developing
catalysts to increase the rate and specificity of other types of reactions. There is
considerable interest in using CD's to exercise control over photochem ical reactions
in solution. These reactions are som etim es problem atic due to com peting side
reactions, and ineffiecient energy or electron transfer. By attaching
photochem ically active functionalities to the rim s of the cyclodextrin molecule,
photochem ical reactions can be enhanced in both rate and specificity due to the
proxim ity of a specific area of the bound guest to the attached photosensitizer.
The m ethod used to attach a group has im portant effects on the binding and
catalytic ability of the m odified cyclodextrin. The m ethod m ust form a stable
linkage in order to be useful in controlling reactions. In addition, the geometry of
the bonds tethering the two units will control the orientation of the functionality
w ith respect to the opening to the cavity of cyclodextrin.

The m ore rigidly the
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group is held to that opening, the greater its effect on the the hydrophobicity of the
cavity, and thus, its effect on binding. As the binding ability of the m odified
cyclodextrin increases, its ability to catalyze a reaction increases as well. Also, a
photosensitizer held in greater proxim ity to the guest w ith a fixed geom etry w ould
increase the efficiency of the catalysis and the specificity of the reaction. W ith these
considerations, m any types of tethering m ethods have been em ployed w ith varying
degrees of success.
One possible way to attach a functionality to cyclodextrin is by use of the
W ittig reaction. By reacting the phosphonium ylide of a desired group w ith a
carbonyl derivative of a cyclodextrin, an olefinic link w ould join the two. This
w ould be a stronger and m ore rigid bond than previous single bond linkages, and
w ould produce different effects on binding and catalysis. Synthesis of a prim ary face
cydodextrin-aldehyde is know n,1 and the W ittig reaction on the prim ary face has
recently been perform ed w ith success.2 The study of a W ittig product on the
secondary face of cyclodextrin would therefore be of interest. Com parison of its
binding and catalytic properties to those of the existing prim ary W ittig tether, and
other previously derivatized cyclodextrins w ould provide inform ation about the
nature of the binding of guest m olecules and their reactions. In addition, for a
m odified cyclodextrin to be of use w ith guest molecules that bind w ith the desired
reactive site oriented tow ards the secondary face, being able to place the catalytic
functionality at the secondary face w ould be necessary.

5

Figure 2: Targeted modified cyclodextrin

A synthetic problem w hich m ust first be overcome is to selectively oxidize
one of the secondary hydroxyl groups of cyclodextrin to a ketone. Such a
m odification of cyclodextrin is currently unknow n. A model system of one glucose
residue was studied first in o rd er to determ ine a viable m ethod. This m ethod was
then applied to cyclodextrin.
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Background
Cyclodextrins
Cyclodextrins are cyclic oligosaccharides composed of a-D -glucopyranose
u n its in the 4Q chair conform ation bound by a-1,4 glycosidic linkages.
Cyclodextrins have prim ary (C-6) hydroxyl groups at one opening, called the
prim ary face, and secondary (C-2 and C-3) hydroxyl groups at the w ider opening,
called the secondary face. The m ore flexible prim ary hydroxyls can rotate and
partially cover the opening on the prim ary face, giving cyclodextrin its toroidal
shape. Because the hydroxyl groups of the glucose units are oriented tow ard the
openings of the cyclodextrin, the cavity is composed of carbon single bonds and
ether bonds, creating a hydrophobic interior. N atural cyclodextrins have 5, 6, or 7
glucose m olecules, and are know n as a , p, and y cyclodextrin, respectively.

Figure 3: a -, p-, and y- cyclodextrins (R \ R"=H)

p-cyclodextrin has the m ost rigid structure due to strong intram olecular hydrogen
bonding, and therefore is m ore w idely used. The cavity of p -C D is about 70 nm in
diam eter, allow ing good b in d in g of single molecules. D ue to the hydrogen bonding
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interaction w ith the C-3 hydroxyl of the adjacent glucose residue, the C-2 hydroxyl
proton of p-CD is more acidic (pKa = 12) than either the C-3 or the C-6.

© H
OH

Fig. 4: H ydrogen bonding stabilization of the p-CD C-2 alkoxide

Because of the com plexation ability with small organic m olecules afforded by the
non-polar cavity, and the ease of functionalization at its various hydroxyl groups,
there is m uch interest in the use of p-CD for potential catalysts.3
A lthough there has been m ore extensive study of derivatization at the
prim ary face, various m odifications of the secondary face of p-CD are known. Both
the 2 and 3 positions have been regiosperifically derivatized. Reactions at the C-2
hydroxyl depend on the m ore acidic nature of that proton for their specificity. Basic
deprotonation will rem ove the hydroxyl proton of p-CD preferentially on C-2,
selectively form ing the m ore stable C-2 alkoxide. The alkoxide can then act as a
nucleophile to attack substrates in sim ple substitution reactions that w ould then
derivatize the P-CD selectively at C-2. The tosylation of p-CD at C-2 is a useful
exam ple of this type of m odification.4'5 The C-3 position can be selectively
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sulfonated w ith p-naphthalenesulfonyl chloride through an inclusion complex that
gives proxim ity to the C-3 hydroxyl over the C-2.6 The ability to sulfonate
either position opens the door to other synthetic options in derivatization. For
exam ple, either sulfonate can be transform ed to an epoxide by treatm ent w ith a
weak base. The 2-O-tosyl p-CD is also easily transform ed to the m a n n o epoxide, as
dem onstrated by D'Souza, Barton and Khan who successfully per-epoxidated p-CD.7
Breslow and C zarnik report the sim ilar synthesis of the p-CD m ono- m a n n o
epoxide.8 Conversely, the 3-sulfonate is converted to the alio epoxide.6 Either
epoxide can then selectively opened by nucleophilic attack, a m ethod which has
been used to tether p-CD in binding9 and enzym e m im ic6'10 studies.
Oxidations of the hydroxyl groups of p-CD have been perform ed on both the
prim ary and the secondary faces. Oxidation of the C-6 prim ary hydroxyl group to an
aldehyde can be done in several ways. The C-6 hydroxyl can be first derivatized, and
then oxidized. Gibson, Melton and Slessor11 report substituting the hydroxyl on C-6
of p-CD w ith an am ino group, and then oxidizing w ith ninhydrin to the aldehyde.
They also report the photolytic oxidation of the azido substituted com pound to the
sam e aldehyde. A nother m ethod utilizes the Nace reaction. The 6 -0 m onotosylate
of p-CD can be oxidized to the corresponding m onoaldehyde in DM SO/ collidine.1

9
NH

OH

N.
hv

C-6 hydroxyl

OTs

DM SO/collidene

Figure 5: Previous oxidations of p-CD on the primary face

O xidation on the secondary face to oxime and hydroperoxide m oieties has been
perform ed w ith success,10 how ever the introduction of carbonyl groups has been
lim ited to opening the pyranoside ring at C-2 and C-3 w ith sodium m etaperiodate,
form ing two aldehyde groups in the process.12 At present, a procedure for selective
oxidation of a secondary hydroxyl of p-CD to a ketone is not know n.

Previous T eth erin g /C ap p in g of p-CD —p-C D in photocatalvsis

The use of different m odified p-C D com pounds as enzym e m im ics has been
studied for several years. In some cases, P-C D can catalyze reactions w ithout
m odification because the change in local environm ent and orientation induced by
binding is sufficient to accelerate the reaction and / or control the specificity of the
reaction.13' 14 The attachm ent of a chemically active m olecule to the p-C D can
create an enzym e m im ic that is m uch m ore specific, by both increasing the binding
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specificity and the reaction specificity of the m odified host. G roups that are attached
to p-CD by one linkage are know n as tethers, while groups that are attached by two
are know n as caps. The tether or cap can both act as a reactive group, interacting
chemically w ith guest m olecules, and can enhance the binding capabilities of the
cyclodextrin by increasing the hydrophobic surface area of the cavity. The catalytic
abilities of enzym es have been m odeled by various m odifications of p-C D of this
type. The action of chym otrypsin has been m odeled w ith a cyclodextrin derivitized
w ith a tether at the secondary face that includes the reactive groups found at the
reactive site of chym otrypsin.15 In addition, Breslow has tethered p-C D at the
secondary face w ith pyridoxam ine thiol in order to m im ic the catalysis of
transam inase enzym es.8 The secondary face of p-C D has also been derivatized w ith
hydroxylam ine and then oxidized to the 3-deoxy-3-oxo-p-CD in o rd er to study this
derviative’s possibilities as a m odel for the transacylation of p-nitrophenyl acetate.10
In addition to being able to construct artificial enzym e m odels, m odified P CD's show m uch prom ise in the area of creating "custom catalysts" for problem atic
reactions. Their use as photocatalysts can potentially add efficiency, specificity, and
control to particular reactions that can be random and inefficient in solution, by
binding substrates in specific orientations and close proxim ity to photochem ical
functionalities.16 Several photocatalysts have been synthesized by m odifiying p CD w ith tethers or caps of photochem ically active groups that can achieve energy or
electron transfer to a non-covalently bound substrate.

P orphyrin is one such

photochem ically active m olecule used in the derivatization of p-C D . A prim ary
face porp h yrin tethered p-C D was successful in facilitating an intram olecular
electron transfer from the p o rp h y rin to a non-covalently bound quinone
(benzoquinone and naphthoquinone) or to nitrobenzene.17 A porphyrin-p-C D
sandw ich form ed from two P-C D molecules capped by the sam e porphyrin
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molecule was found to be ineffective in binding benzoquinone and facilitating
electron transfer, but successful in the cases of naphthoquinone and anthraquinone2-sulfonate.18 P-CD tethered w ith rose bengal on the prim ary face was illustrated to
increase the photooxidation rate of bound substrates while in the presence of both
beta carotene (a com peting physical quencher) and anthracene (a com peting
chemical quencher), indicating the im portance of binding to control of the
catalysis.19 A secondary face flavin tether of 0 -C D has also been show n to
photooxidize a bound alcohol.20
The photochem istry of the triplet excited state of quinones is well know n,
and several have been used to derivatize p-C D . Benzophenone-capped p-CD
(prim ary face) has catalyzed the triplet-triplet energy tranfer to bound naphthalene
derivatives,21 but has also been show n to undergo problem atic intram olecular
hydrogen abstraction from the p-CD .22 A nthraquinone-capped p-C D (prim ary
face) has sim ilarly undergone intram olecular hydrogen abstraction to oxidize the
prim ary hydroxyl of p-C D , rath er than react photochem ically w ith the guest.
A lthough quinones can undergo either electron transfer or hydrogen abstraction in
their triplet excited state, the binding of the substrate (guest) in this case is evidently
not strong enough to prevent the hydrogen abstraction.
D icyanoanthracene (DCA) is a know n photosensitizer that has significant
catalytic possibilities.
N
III
C

c

III
N

Figure 6: 9,10-Dicyanoanthracene
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Unlike the quinones, DCA has a singlet excited state that will not undergo
intram olecular hydrogen abstraction, and is a m uch better candidate for creating a
photoinduced electron transfer catalyst. Currently there are several know n DCA
derivatized p-cyclodextrins. The first is a DCA-disulfonyl capped p-C D , on the
prim ary face. This derivative is problem atic as a photocatalyst. Q uenching studies
show ed that the substrates (guests) w ere not bound tightly enough to the host, in
fact, binding was less strong than with unm odified p-C D . In addition, the sulfonate
linkages proved to be hydrolytically labile u n d er m ildly basic conditions in the
presence of light.23 A DCA tethered to p-C D through an ether linkage provided
better binding than the disulfonyl cap, b u t has other problem s. The instability of the
tether and its flexible geom etry w ith respect to the p-C D m ake it a less than ideal
catalyst. Because the ether was synthesized via the p-CD-2-alkoxide, theoretically
only the 2-O-derivative w ould be produced. Surprisingly, the product show ed
rearrangem ent to yield the 6-0- tether as well. The 6 -0 derivative indicated better
binding constants than unm odified P-CD, how ever the 2 -0 derivative's binding
was only equal to that of p-C D . This reduced binding ability could be due to the lack
of defined geom etry in the tether. The flexibility of the ether bond could allow the
DCA itself to enter the cavity of the p-C D and exclude the intended substrate.24

13
CN

CH

Figure 7: The 2-O-ether tether of DCA with P-CD

A tethering m ethod providing a less labile linkage and creating a m ore
defined geom etry of the DCA w ith the p-C D could potentially overcom e these
problem s. The W ittig reaction, w hich creates an olefinic linkage betw een the DCA
derivative and the m odified p-C D , has been successfully perform ed on the prim ary
face. W hile the product has not yet been studied photochem ically, it is m ore stable
than the ether tether, an d should have a m uch m ore defined geom etry.2 It is of
interest to study the properties of a p-CD m odified by DCA sim ilarly on the
secondary face, at either the C-2 or the C-3 position, and com pare properties w ith the
derivative m odified at the C-6 position. In addition, it is postulated that the m ore
rigid nature of the binding betw een DCA and p-CD through the W ittig reaction
w ould prohibit the DCA from entering the hydrophobic cavity of p-CD, increasing
its binding ability relative to the 2-O-ether derivative.

14
CN

CN

Figure 8: fWCD tethered w ith DCA by the Wittig reaction on the secondary face

Benzvlidene m ethyl glucoside

M ethyI-4,6-0-benzylidene-a-D-glucoside is an ideal one residue m odel for
m odifications of the secondary face of p-cyclodextrin. Only the 2- and 3- hydroxyl
groups are unprotected, sim ilar to the secondary face of p-C D . In addition, the
benzylidene group imposes a rigid 4Q chair conform ation on the glucoside m odel,
sim ilar to p-C D where the glucose residues are held in a som ew hat rigid 4Q chair
conform ation due to the glycosidic linkages betw een them. Both ketones of
benzylidene m ethyl glucoside, the 2-deoxy-3-ulose and the 3-deoxy-2-ulose, have
previously been synthesized and characterized, although by m ethods that w ould
prove too h arsh to use w ith P-CD. Thus, we sought to develop a pathw ay that was
sufficiently m ild so as to selectively oxidize a single secondary hydroxyl of p-CD to a
ketone w ithout m odification of the other unprotected hydroxyl groups.

15

HO

OCH3

OCH3

Figure 9: A one- gluco se model for oxidation of t h e sec ondar y face of p-CD.

The selective oxidation of the secondary hydroxyl groups of carbohydrates has
been synthetically im portant in the synthesis of branched-chain sugars by the W ittig
reaction. These sugars are of im portance due to their presence in som e antibiotics.
Several different m ethods have been em ployed to oxidize benzylidene m ethyl
glucoside to a carbonyl at the hydroxyl of either C-2 or C-3. Most of them use
general m ethods to oxidize secondary alcohols after first protecting or elim inating
the other hydroxyl group. Szarek and D m ytraczenko have synthsized m ethyl 4,6-0benzylidene-2-deoxy-a-D -hexopyranosid-3-ulose25 through first protecting the
hydroxyl on C-2 w ith a tosyl group.26 The oxidation at C-3 was then accom plished
with the Pfitzner-M offatt reagent (DMSO/ dicyclohexylcarbodiim ide/
orthophosphoric acid),and the tosyl group was photochemically rem oved to yield
the 2-deoxy 3-ulose.27 Frasier-Reid et al. also used protection and deprotection,
form ing first the 2 -0 or 3 -0 f-butyl dim ethyl silyl ether of the benzylidene m ethyl
glucoside before oxidizing the unprotected hydroxyl with DM SO/ trifluoroacetic
anhydride.28 O ther groups have taken the approach of first form ing the alio or
m a n n o epoxide at C-2 and C-3, and then reductively opening the epoxide w ith
lithium alum inum h y d rid e to the 2-deoxy (alio) or3-deoxy (m ann o) sugar before
oxidation. C rom ium trioxide29 and ruthenium dio x id e/ potassium
m etaperiodate30 have been used as oxidants, as well as acetic anhydride.31
Specifically, Hicks and Frasier-Reid used lithium alum inum h y d rid e to reductively
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ring open the m a n n o epoxide of benzylidene m ethyl glucoside, and oxidize it w ith
py rid in iu m dichrom ate32 to the 3-deoxy 2-ulose that was targeted in our m odel
synthesis.33 Few m ethods selectively oxidize unprotected hydroxyl groups. Kondo
and Takao found that the reaction of benzylidene m ethyl glucoside with
D M SO /phosphorus pentoxide at 40 °C for 3 days selectively oxidized the C-3
hydroxyl to produce the ribo-3-ulose.34 Most creatively, Tsuda et al. succeeded in
oxidizing one hydroxyl on unprotected sugars using brom inolysis of a dibutyl tin
interm ediate.35
While all of these m ethods do oxidize one hydroxyl group of benzylidene
m ethyl glucoside to a ketone, none of these are viable in the case of cyclodextrin.
Most conventional m ethods of oxidation are too harsh to use w ith p-CD. The above
oxidations that utilized protection or elim ination of the other hydroxyls will affect
any unprotected hydroxyl, and thus w ould random ly oxidize any of the 21 hydroxyl
groups on p-C D . A m ethod of oxidation is needed that w ould reliably transform
only one, and only on the secondary face.

Epoxides

Epoxides are three m em bered rings which contain two carbon and one
oxygen atom . D ue to their inherent strain, epoxides are reactive functionalities, and
are easily opened by nucleophilic attack at one of their carbon centers. Epoxides
have been utilized extensively in the area of carbohydrate derivatization. In a
pyranoside or furanoside, any diol which can adopt a trans-diaxial conform ation can
be epoxidized. The need for the trans-diaxial conform ation is due to the Sn2 n a tu re
of the reaction. In general, one of the hydroxyl groups is first derivatized, so as to
contain a good leaving group. The m ost w idely used reaction is that of tosylation,
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useful because the tosyl group can replace the hydrogen of the alcohol, and then
leave as tosylate. Once one of the hydroxyls has been derivatized w ith a good
leaving group, a base can abstract the proton from the neighboring alcohol, and the
alkoxide form ed can nucleophilically attack the carbon containing the leaving group
from the backside, and the leaving group will depart, creating the epoxide.

OH

xr

OH

'y
Figure 10: G eneral scheme for ring epoxidation

2,3-Epoxides of glucosides are well known. Robertson and Griffith, and Richtm eyer
and H u d son have reported the form ation of the alio epoxide from the 2,3 ditosyl
benzylidene m ethyl glucoside,26/36 and Hicks and Frasier-Reid have dem onstrated
the form ation of the 2,3 m a n n o epoxide from the corresponding 2-O-tosyl
glucoside.33 Epoxides of p-CD are also well known, and are form ed through the 3-0 tosyl p-CD, and the 2-O-tosyl p-CD derivatives analagous to the glucosides. Epoxides
are especially synthetically useful in specific modifications of the secondary face of
P-CD. Because on the secondary face each glucose unit possesses two hydroxyls that
can adopt a trans-diaxial conform ation, and on the prim ary face each has only one
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hydroxyl group, any pathw ay that began w ith an epoxidation w ould be specific to
the secondary face.
Epoxides are readily opened by nucleophilic attack. This reaction is a very
selective one for carbohydrates. For the 2,3- m a n n o epoxide of m ethyl glucoside, the
incom ing nucleophile w ould be oriented parallel to the glycosidic oxygen on the
anom eric carbon, and thus w ould experience a very unfavorable dipole-dipole
interaction attacking at the 2-carbon. Therefore, m a n n o epoxides are exclusively
attacked by nucleophiles at the 3-carbon. The 2,3-alio epoxide, on the other hand,
w ould require nucleophile attack from the opposite direction, opposite to the
glycosidic oxygen, and a nucleophile attacking at the 2-carbon w ould experience a
very favorable dipole-dipole interaction. Thus, alio epoxides are exclusively
attacked by nucleophiles at the 2-carbon. In this way, epoxide ring openings of
carbohydrates are conveniently regiospecific.
H

H

Unfavorable —C-3 preferred
for manno epoxides

Nu

Favorable —C-2 preferred
for alio epoxides

Figure 11: D ipole interactions for nucleophilic attack of epoxides

Epoxides are a reasonable step in the synthesis of a carbonyl group. In fact,
treatm ent w ith trifluorom ethanesulfonic acid / DMSO follow ed by
diisopropylethylam ine can yield an a-keto alcohol in one step from some
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epoxides.37 In other cases, one could use a nucleophile to open the epoxide
regioselectively to an easily oxidized derivative.

Phenyl Selenide

Phenyl selenide anion is an ideal nucleophilic reagent for the epoxide ring
opening of sugar residues. Because of the large, diffuse electron cloud su rro u n d in g
selenium , and the adjacent pi electron system of the phenyl ring, phenyl selenide is
easily polarizable, and therefore a very pow erful nucleophile. Phenyl selenide
derivatives are relatively stable, but are also easily oxidized to the phenyl
selenoxides, which are able to undergo p-elim ination to olefins.38 The phenyl
selenide anion can also be produced from diphenyl diselenide in a variety of ways,
leading to differing degrees of nucleophilicity.39/40
Phenyl selenide has been used widely to open epoxide rings. Epoxide rings of
sim ple cyclic and linear hydrocarbons have been opened to the p-phenylseleno
alcohols by phenyl selenide generated from diphenyl diselenide and
tributylphosphine.41 Cyclohexene oxide has been opened by phenyl selenide anion
generated by th iol/ diselenide exchange.42
Phenyl selenides are easily oxidized to the selenoxides by sim ple oxidants
such as hydrogen peroxide, peracetic acid, or m -chloroperoxybenzoic acid. The
selenoxides easily undergo syn-elim inations to alkenes. In a sy«-eIim ination, the
phenyl selenoxy group abstracts the adjacent hydrogen in a syn orien tatio n to leave
in the form of phenyl selenic acid, form ing the alkene. Sharpless and L auer have
used a phenyl selenide anion complex (generated from diphenyl diselenide by
sodium b o rohydride in ethanol) to open epoxides and then oxidize and elim inate to
the allylic a lco h o l43 Phenyl selenide anion has also been used to open the epoxide
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rings of carbohydrates. M ethyl-2,3-anhydro-tagatofuranosides w ere opened with
phenyl selenide anion (generated according to Sharpless and Lauer) to yield the
corresponding p-hydroxyselenides, and then oxidized to the hexulofuranosides
(allylic alcohols).44 It is w ell-know n that the ring-opening of an epoxide, followed
by oxidation and elim ination, is a facile pathw ay to allylic alcohols because the
hydrogen abstracted will never be attached to the carbon w ith the alcohol. 44 All
instances of oxidation and elim ination in these cases produce allylic alcohols rather
than enols. In fact, in cases w here no other p-hydrogen was available, the
elim ination did not occur, and an internal redox reaction form ed the phenylselenoketone.45 A lthough in sim ilar cases of elim inations w ith sulfoxides, the enol will
form (and thus the ketone),46'4? this has not been reported to happen with
selenoxides.
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Figure 12: Syn elimination of phenyl selenoxide to form allylic alcohols
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W ittig reaction

The W ittig reaction is a very useful tool in organic synthesis, providing a
completely regiospecific m ethod to convert carbonyls to alkenes. In general, an
alkyl derivative of a phosphorus ylide reacts w ith a com pound containing an
aldehyde or ketone to give the alkene and the phosphine oxide as products. The
reactivity of the ylide is due to its electronic structure, represented by resonance
forms, in w hich the phosphorus atom carries a large positive charge and the a carbon a large negative charge. The m echanism of the W ittig reaction involves the
negatively charged a-carbon center nucleophilically attacking the carbonyl carbon to
form a betaine. The negatively charged oxygen atom then attacks the positively
charged phosphorus atom in the betaine to form the square, cyclic oxaphosphetan
before dissociating to the alkene and the phosphine oxide.48 The betaine can have
two asym m etric centers, potentially leading to both trans- and cis-alkenes.
H ow ever, w ith stabilized ylides, the trans-alkene is exclusively formed. This
phenom enon is explained by the the reversibility of betaine form ation, w hich leads
to the form ation of the m ore therm odynam ically stable trans-alkene 49
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Figure 13: General mechanism for the Wittig reaction

U nstabilized phosphorus ylides are very reactive, and will react with a variety
of oxygen containing com pounds, including alcohols. Therefore, they have not
been used extensively in carbohydrate chemistry. The presence of an electronw ith d raw ing group on the a-carbon will delocalize the negative charge, creating a
stable ylide that is unreactive tow ard alcohols.50 The phosphorus ylide of 2-m ethyldicyanoanthracene has been synthesized. The 2-brom omethyl derivative of DCA
was reacted w ith triphenyl phosphine to yield the phosphonium salt. The a-carbon
was then deprotonated by potassium f-butoxide to give the ylide. DCA is a pow erful
electron-w ithdraw ing group, which stabilizes the ylide.
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Figure 14: Resonance stabilization of the phosphorus ylide of DCA

This DCA-stabilized ylide was successfully reacted w ith p-CD-6-aldehyde to yield the
6-deoxy-6-(9,l 0-dicyanoanthracenyl-2-m ethylene)-p-cyclodextrin.2 The W ittig
reaction is therefore be a prom ising m ethod for derivatizing p-CD on the secondary
face w ith a stable, geometrically defined tether.

CN
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H

.C
CN

O

Figure 15: Proposed derivatization of p-CD on the
secondary face using the Wittig reaction
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EXPERIMENTAL

DMF was distilled from CaH 2 u n d er vacuum (0.1 Torr). T hin-layer chrom atography
was perform ed on Analtech silica gel HLF plates (250 m icrons, organic binder, UV
254) w ith a solvent system of 1:3 ethyl acetate:hexanes by volum e for glucoside
com pounds, and 5:4:3 n-butanol:ethanol:w ater by volum e for cyclodextrin
com pounds. Spots w ere visualized by UV lam p, and w ith vanillin solution and
heat. Reverse-phase liquid chrom atography was perform ed w ith RP-18 reversephase silica gel (W hatman, LRP-2, 37-53 mm) in flash colum ns w ith a gradient
elution of 13 fractions (100 mL each), w ith com positions of 0%, 1%, 2%, 4%, 6%, 8%,
10%, 15%, 20%, 30%, 40%, 50%, and 80% acetonitrile in w ater. Preparative high
perform ance liquid chrom atography was perform ed on a W ater 244 system
equipped w ith a UV absorption detector (254 nm), using a W hatm an M agnum 20
ODS colum n. 1H NMR spectra were obtained using a GE QE-300 spectrom eter.

4,6-O-benzylidene-a-D-methyl glucopyranoside 51

B enzaldehyde was distilled un d er nitrogen, and the fraction boiling from 179-181 °C
was collected. Zinc chloride was ground with a m ortar and pestle and dried i n
vacuo.

a-D -M ethyl glucoside (28.17g, 0.145 mol) and zinc chloride (21.19g, 0.156 mol) were
ad d ed to a round bottom flask followed by benzaldehyde (71 mL, 0.70 mol). The
m ixture w as placed u n d e r nitrogen and stirred at room tem p eratu re overnight. The
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reaction m ixture was added to 500 mL ice w ater w ith stirring. A w hite solid
precipitated and was vacuum filtered, washed with hexanes, and dried in vacuo.
The p ro d uct was recrystallized from benzene (140 mL) and a w hite crystalline solid
was recovered (19.82 g, 70.22 mmol, 48.4%). TLC Ry=0 in this solvent system . !H
NMR spectrum show n in Figure 21.

Methyl-2,3-anhydro-4,6-0-benzylidene-a-D-mannopyranoside 33

Sodium h y d rid e (60% oil dispersion, 1.06 g, 26.5 mmol) w as w ashed free of oil w ith
3 portions of hexanes (50 mL ea.), and added to a round bottom flask, followed by
DMF (100 mL, distilled). 4,6-O-Benzylidene-a-D-methyl glucopyranoside (2.84 g,
10.06 m m ol) w as added, and the m ixture was stirred u n d er a calcium chloride
d ry in g tube for 35 m inutes. N-(p-Toluenesulfonyl) im idazole (2.45 g, 11.02 mmol)
was g round w ith a m ortar and pestle, and added to the m ixture, w hich was stirred at
room tem perature for an additional 60 m inutes. The reaction m ixture w as poured
into 900 mL of ice water. A white solid precipitated and was collected by vacuum
filtration. The product was recrystallized from hexanes (500 mL) and benzene (80
mL), yielding a w hite crystalline solid (1.42 g, 5.374 mmol, 53.4%). TLC Ry=0.57. *H
NM R sp ectru m show n in Figure 22.

Methyl-3-phenylseleno-4,6-0-benzylidene-a-D-altropyranoside

D iphenyl diselenide (0.71 g, 2.27 mmol) was dissolved in ethanol (50 mL, absolute)
in a ro u n d bottom flask. Sodium borohydride (0.24 g, 6.34 m mol) was added in
several sm all portions. The yellow solution bubbled, and becam e colorless. The
epoxide (1.07 g, 4.05 mmol) was added when the solution becam e colorless. The
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m ixture w as heated to reflux u n d er a condensing tube and nitrogen, in a 100 °C oil
bath for 2.5 hours. W hen cool, the reaction m ixture was p o u red into 800 mL of ice
w ater, stirred for 10 minutes, and the precipitated solid w as collected by vacuum
filtration. The solid was allowed to air dry, yielding 1.22 g of the crude phenyl
selenide. TLC R^=0.20. 1H NMR spectrum show n in Figure 23.

Methyl-3-phenylselenoxy-4,6-0-benzylidene-a-D-altropyranoside

M ethyl-3-phenylseleno-4,6-0-benzylidene-a-D -glucopyranoside (0.84 g, 1.99 mmol)
w as dissolved in ethanol (20 mL, absolute) in a round bottom flask. The flask was
placed in an ice bath, and hydrogen peroxide (30%, 0.53 mL, 0.16 g, 4.66 mmol) was
ad d ed by syringe. The reaction m ixture was allow ed to come to room tem perature
and stir overnight. TLC R/=0 in this solvent system .

M ethyl-4,6‘ 0-benzylidene-3-deoxy-a-D-erythro-hexopyranosid-2-ulose

The crude phenylselenoxide solution was divided into two 10 mL portions. To one
was ad d ed 5 mL of Reillex beads, and to the other was added 1 mL of reagent grade
pyridine. Each flask was fitted with a condensing tube, and placed in an oil bath
heated to 95°C. The disappearance of the phenylselenoxide w as m onitored by TLC,
and the reactions were complete w ithin 1 and 2 hours, respectively.

W hen cool, each reaction m ixture was diluted to 50 mL w ith deionized w ater, and
extracted w ith 3 portions of dichlorom ethane (50 mL each). The beads w ere filtered.
The organic layers were washed 5 times w ith deionized w ater (50 mL each), dried
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over calcium chloride, filtered by gravity, and concentrated in vacuo. The pyridine
w as rem oved from the first product u n d er high vacuum .

The products w ere purifed by sublim ation and combined, yielding the 2-ulose (0.136
g, 0.513 mmol, 18.4% by 1H NMR) and diphenyl diselenide. TLC Ry=0.32.

NMR

spectrum show n in Figure 24.

l-O-tp-Toluenesulfonyiyp-cyclodextrin 5

0-Cyclodextrin was dried at 117°C u n d e r vacuum (0.1 Torr) overnight, pT oluenesulfonyl (tosyl) chloride was sublim ed u n d e r vacuum (0.1 Torr) p rio r to
use. Sodium hydride (60% oil dispersion) w as w ashed w ith 3 portions of pentane
(25 mL each) and dried u n d er an argon stream before w eighing. All solutions were
m ixed u n d e r nitrogen.

0-Cyclodextrin (14.15g, 12.47 mmol) was added to DMF (220 mL) and stirred. NaH
(0.30g, 12.5 mmol) was added, and the m ixture was stirred overnight. Tosyl chloride
(2.38 g, 12.47 mmol) was dissolved in DMF (10 mL) in a 1 L flask. The 0cyclodextrin-alkoxide m ixture was added dropw ise to the tosyl chloride solution,
and allow ed to stir for an additional 2.5 h a t room tem perature after the addition
w as com plete. The DMF was distilled u n d er vacuum (0.1 Torr), and the rem aining
solid w as transferred w ith acetone, and collected by vacuum filtration. The solid
w as slurried in w ater (250 mL), added dropw ise to acetone (250 mL), and the
precipitated solid (unreacted 0-CD ) was collected by vacuum filtration. The filtrate
w as again added dropw ise to acetone (500 mL), and the precipitated solid (unreacted
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P-CD) collected by vacuum filtration. The filtrate was concentrated in vacuo to 20
mL, added dropw ise to acetone (1 L), and the precipitated solid collected by vacuum
filtration. This solid was purified by reverse-phase chrom otography, yielding the 2O-tosyl-p-cyclodextrin (0.34 g, 0.264 mmol, 2.11%). TLC Rf=0.60. *H NMR sp ectru m
show n in Figure 25.

2-0-(p-Toluenesulfonyl)-/5-cyclodextrin 4

P-C ydodextrin (12.0 g, 10.57 mmol) was dissolved with stirring in DMF (120 mL,
reagent grade), and w arm ed in an oil bath (60°C). 3-Nitrophenyltosylate (3.10 g,
10.58 mmol) w as added, followed by a carbonate buffer (72 mL, 1.12 g Na 2 C0 3 , 0.32 g
NaHCC>3 ). The m ixture was stirred for 1 hour at 60°C, and then n eutralized w ith
cation exchange beads (20 mL in H 2 O). The m ixture was added to acetone (1L), and
the precipitated solid (unreacted p-CD) was collected by vacuum filtration. The
filtrate was concentrated to dryness. The rem aining solid was slurried in acetone,
and collected by vacuum filtration. The solid was purified by reverse-phase
chrom otography, yielding the 2-O-tosyl-p-cydodextrin (0.58 g, 0.450 mmol, 4.26 %).

2A£ A- Anhydro-p-cyclodextrin manno qjoxide 52

2-O-tosyl-p-cydodextrin (0.29 g, 0.225 mmol) was added to an aqueous solution of
am m onium bicarbonate (0.60 g in 10 mL H 2 O) w ith stirring. The m ixture w as
heated in an oil b ath (60°C) u n d er a reflux condenser, and the reaction was
m onitored by TLC. The reaction was judged to be complete after 6 hours. The
m ixture w as d ilu ted to a volum e of 100 mL w ith water, and then treated w ith tw o
portions of cation exchange beads (5 mL each) and two portions of bicarbonate anion
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exchange beads (5 mL each). The solution was filtered by gravity, and concentrated
to dryness in vacuo. The solid was dissolved in H 2 O (3mL), added dropwise to
acetone (1L), and the precipitated solid was collected by vacuum filtration. The solid
was dried in vacuo, and 0.17 g was recovered. The crude product was not purified.
TLC Ry=0.41.

NMR spectrum show n in Figure 26.

3A-Deoxy-3A-phenylseleno-fi-cyclodextrin

2,3-A nhydro-p-cyclodextrin-m anno epoxide (0.1730 g, 0.155 mmol) was added to
w ater (5 mL) and stirred. Diphenyl diselenide (0.246 g, 0.0788 mmol) was dissolved
in ethanol (5 mL, absolute). Sodium borohydride (0.0070 g, 0.185 mmol) added, and
the m ixture bubbled and became paler in color. A dditional NaBPLj was added in
very sm all am ounts until the solution becam e colorless. The phenyl selenide
solution was added to the epoxide solution, and the m ixture was heated to reflux
u n d er a condenser in an oil bath, and allow ed to reflux overnight. The solution
was allow ed to cool, and the solvents rem oved in vacuo. The solid was slurried in
acetone and collected by vacuum filtration, and 0.18 g was collected. Purification by
reverse-phase liquid chrom otography yielded a solid (0.07 g recovered) that was
>50% product by 1H NMR. TLC Ry=0.60. 1H NMR spectrum show n in Figure 27.

3A-Deoxy-3A-phenylselenoxy-(3-cyclodextrin

Partially purified 3-phenylseleno-p-cyclodextrin (0.07 g, 0.055 mmol) was added to
w ater (10 mL) w ith stirring and placed in an ice bath. H ydrogen peroxide (30 %,
11.25 mL, 3.7 mg, 0.110 mmol) w as added by syringe, and the reaction was allowed to
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gradually come to room tem perature and stir overnight. TLC indicated that the
reaction was complete. TLC R/=0.39.

3A-Deoxy-f}-cyclodextrin-2A- ulose

Reillex beads (lm L in H 2 O) w ere rinsed into the m ixture containing the
phenylselenoxide. Ethanol (15 mL) was added, and the reaction m ixture was
refluxed for 1 hour. After cooling, the m ixture was filtered by gravity, and the
filtrate was concentrated to dryness in vacuo. The solid w as slurried in acetone and
collected by vacuum filtration. 0.06 g was recovered. The product was purified by
reverse-phase chrom otography in a pipet, w ith 20 mL of 5% acetonitrile in w ater
followed by 20 mL of 10 % acetonitrile in w ater, and concentrated to dryness in
vacuo. *H NMR spectrum show n in Figure 28.

3A-Deoxy-P-cyclodextrin-2A-p-nitrophenylhydrazone

The crude |3-CD-ulose (0.06 g, 0.054 m mol) w as dissolved in the m inim um am ount
of H 2 O (5-10 mL). Acetic acid (glacial, 0.1 mL, 1.85 mmol) and pnitrophenylhydrazine (0.28 g, 1.85 mmol) w ere added w ith stirring. Ethanol was
ad d ed until the hydrazine dissolved (about 40 mL), and the m ixture was heated to
reflux for one hour. After cooling overnight, the solvent w as rem oved in vacuo.
The solid was collected and w ashed w ith acetone (to rem ove unreacted hydrazine),
and collected by vacuum filtration. The crude product was purified by preparative
HPLC w ith a solvent of 25% acetonitrile in water. The peaks eluting at 8.0 m in were
collected, and the solvent rem oved in vacuo. The solid was slurried in acetone and

collected by vacuum filtration. 0.0009 g w as recovered. TLC R/=0.64. ]H NMR
show n in Figure 29.
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Results
The synthesis of a p-cydodextrin molecule w ith a ketone functionality on its
secondary face is the key to the applicability of the Wittig reaction on this face for
synthesis of photocatalytic hosts. Because p-CD is such a large molecule, and the
goal is to m odify only one of the seven glucose residues, the success of the ketone
functionality introduction could be com plicated to evaluate by m eans of sim ple
m ethods such as TLC and

NMR. Therefore, a m odel com pound, benzylidene

methyl glucoside, was used first to determ ine a pathw ay successful on a one-glucose
residue that w ould be easier to analyze by relatively sim ple m ethods.
a-D -M ethyl glucoside is commercially available. The addition of the
benzylidene group according to the literature procedure yielded a recrystallized
product (from benzene rather than hot w ater as described in the literature) that w as
pure by TLC, and consistent w ith the expected product by NMR (aromatic signals
integrated for 5 for the benzylidene group compared to 3 for the m ethyl group).
Likewise, the epoxidation succeeded as described by Frasier-Reid, although in initial
attem pts the tosylated interm ediate did not fully react to the epoxide due to
utilization of aged sodium hydride. Recrystallization was perform ed from a twosolvent system of benzene an d hexanes, as one-solvent system s (including
m ethanol, from the literature) w ere not successful. The identification of the
recrystallized product was confirm ed by *H NMR and TLC.
Initially, w e attem pted to oxidize the epoxide to a ketone in one step.
T rifluorom ethanesulfonic acid and DMSO were used in an attem pt to do so
according to Trost and Fray,37 but yielded a product that show ed no carbonyl stretch
by IR, and had a m elting point that indicated that the epoxide had opened to the
diol. A nother attem pt at direct oxidation was m ade using trim ethylam ine-N -oxide,

33
which is know n to oxidize prim ary halides to the corresponding aldehydes.53 In
this case, the benzylidene group was cleaved, yielding a product that contained
benzaldehyde, as determ ined by

NMR. At this point, attem pts at a one-step

oxidation of the epoxide to a ketone were abandoned.
An indirect m ethod of opening the epoxide ring w ith a nucleophile, and then
oxidizing to the ketone was tried. The ring-opening was first attem pted w ith azide
ion, b ut no reaction w ith the epoxide occurred. A phenyl selenide ring opening
procedure w as adapted from the procedure used by Sharpless and Lauer43 to open
epoxides and elim inate to allylic alcohols. The ring-opening was easily m onitored
by TLC. The disappearance of the spot assigned to the m a n no epoxide was
accom panied by the appearance of a spot w ith a lower R/ value that w as UV active,
and stained w ith vanillin, and the reaction was judged com plete w hen the m a n no
epoxide spot was no longer visible. aH NMR indicated the presence of the phenyl
selenide by peaks in the arom atic region in addition to the benzylidene signals - one
doublet of the phenyl group farther dow nfield - that w ere not present in the tn a n n o
epoxide.
The oxidation of the phenyl selenide to the phenyl selenoxide was attem pted
using both hydrogen peroxide (30%) and m -chloroperoxybenzoic acid w ith some
success.

The MCPBA oxidation was done in benzene at reflux, and appears to have

elim inated to the 2-ulose in one step. The reaction was m onitored by TLC and a
new spot appeared as the phenyl selenide spot disappeared. A nalysis of the crude
product by NMR indicated the presence of the 2-ulose by the appearance of a
m ultiplet at 3 ppm that is also present in the spectrum of the p roduct of the
oxidation and elim ination procedure described by Hicks and Frasier-Reid.54
Isolation of the product was attem pted by recrystallization, and by form ation of a
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tosylhydrazone followed by recrystallization, however, we were unable to separate
the product from the diphenyl diselenide and the MCPBA.
The oxidation of the phenyl selenide by hydrogen peroxide proved to be a
m uch sim pler process. The oxidation was done in ethanol, and at room
tem perature, and the oxidation to the phenyl selenoxide was easily m onitored, as
the selenoxide is m uch m ore polar and did not move on the TLC plate. W hen the
oxidation was complete, the crude m ixture was heated to reflux and the elim ination
was m onitored, also by TLC. Initially, appearance of the product was observed,
followed by disappearance of the product as the m ixture continued to reflux. This
problem was solved by the addition of a small am ount of base (pyridine/R eillex
beads) to prevent the acid-catalyzed hydrolysis of the benzylidene protecting group
by the selenic acid generated in the elim ination. The work up of this reaction was
sim plified by the fact that the peroxide could be removed by extracting the product
in m ethylene chloride and w ashing w ith water. The product did not recrystallize
using any of the solvent system s we attem pted, however, we found that the product
w ould sublim e, along w ith any diphenyl diselenide that had formed. The sublim ed
solid was then analyzed by NMR, and yield could be calculated by comparing the
doublet for the diphenyl diselenide in the arom atic region w ith the peaks for the
carbohydrate protons. It may be possible to purify the product completely by silica
gel chrom atography, although that m ethod was not attem pted.
A pplication of this pathw ay to p-CD was successful, with a few
m odifications. The tosylation of the 2 position of p-CD has two different
preparations reported in the literature. Most recently, Rong and D'Souza reported a
procedure using tosyl chloride that had a crude yield of approxim ately 30%.5 This
procedure was attem pted repeatedly w ith consistently low yields (0.5-2.0% after
purification by reverse-phase colum n chrom atography). V ariation in the reaction
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time, equivalents of tosyl chloride, and equivalents of sodium hydride, had no
appreciable effect upon the yield. In an earlier article, Breslow had reported the
tosylation of the 2 position of p-CD with nitrophenyltosylate, and reported a yield
of 10%.4 This procedure, while it required the synthesis of nitrophenyltosylate
previous to the reaction, w as in some ways easier because it d id not require the dry
conditions of the first. A lthough the literature yield was never achieved, the
reaction d id prove to be about twice as productive as the first (4-5% yields), and the
Rong procedure w as abandoned in favor of the Breslow procedure.
In each procedure, m ost of the unreacted p-CD was rem oved by precipitation
into acetone, yielding a crude product enriched in the P-CD tosylate. A ttem pts to
recrystallize the tosylated p-CD proved ineffective. Unreacted tosyl chloride
form ed an inclusion complex w ith the p-CD and recrystallized w ith the tosylated
p-CD. The tw o could be distinguished by NMR data - the included tosyl chloride's
arom atic protons were at 7.1 and 7.5, while the tosylated p-CD had arom atic signals
at 7.5 and 7.9 ppm . Also, the tosylated com pound never crystallized w ithout some
degree of im purity of unreacted p-CD. The most effective m ethod of purification
was found to be reverse-phase column chrom atography of the enriched crude
product to yield the pure tosylated com pound.
Once the tosylated p-CD had been isolated, the epoxidation was very
straightforw ard. The reaction was m onitored by TLC, and easily w ent to
completion, as indicated by the disappearance of the tosyl- p-CD spot, accompanied
by the appearance of a new spot that was slower. The crude product was used
w ith o u t fu rth e r purification.
The ring-opening of the epoxide w ith phenyl selenide was attem pted several
tim es w ith variations in phenyl selenide source, solvents, and reducing agents, pCD com pounds are not soluble in ethanol, so a different solvent w as needed in
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order to m odify the glucoside reaction for use with p-CD. D iphenyl diselenide
reduced by sodium m etal in THF has been show n to produce a sodium phenyl
selenide precipitate that can be solubilized by 18-crown-6 ether or HMPA.40/55 The
p-CD m an no epoxide ad d ed to this m ixture did not react. Sodium phenyl selenide
can also be generated by reduction of benzeneselenol with sodium hydride in THF,
and solubilized by HMPA o r the crown ether.55 This also did not achieve the
desired effect upon the p-CD epoxide. The reduction of diphenyl diselenide by
sodium b orohydride in DMF to produce the phenyl selenide anion is also
docum ented56, and was also ineffective with the p-CD epoxide. The generation of
phenyl selenide according to Sharpless and Lauer43 in ethanol, and addition to an
aqueous solution of the p-CD m a n n o epoxide, proved to be effective in the ring
opening of the epoxide to the phenyl selenide of p-CD. The reaction was m onitored
by TLC, and the appearance of a spot that moved faster than the epoxide and also
was UV active indicated the form ation of the phenyl selenide derivative. W hile
the reaction did not go to com pletion w ith 1 equivalent of phenyl selenide, an
increase to 1.5 equivalents was sufficient to allow the reaction to go to com pletion.
The phenyl selenide w as purified to a limited extent by elution through a
reverse phase flash colum n before oxidation, but when residual m a n n o epoxide was
present, it co-eluted w ith the phenyl selenide. The oxidation of the phenyl selenide
was not m odified from the glucoside procedure. In this case, the phenyl selenoxide
moved slow er on TLC, but at about the same speed as p-CD or the m a n n o epoxide.
The selenoxide w as n either isolated nor purified before elim ination.
The elim ination yielded a m ixture by TLC. Recrystallization attem pts failed
to produce a p u re com pound. The m ixture was eluted through a sm all am ount of
reverse-phase silica gel to elim inate any unreacted phenyl selenide or diphenyl
diselenide by-product. The *H NMR of the purified product w as different from the

37
spectrum of unm odified p-CD, or p-CD m a n n o epoxide, and was devoid of peaks
in the arom atic region, which indicated the possible presence of the p-CD -ulose.
N itrophenylhydrazine was reacted w ith the p roduct, as it w ould only react to form
the hydrazone with a molecule containing a carbonyl functionality. The crude
product from this reaction was purified by preparative HPLC and analyzed by TLC
and proton NMR. The spot for this substance w as both UV active, and stained w ith
vanillin, and there w ere signals in the arom atic region of the NMR spectrum ,
indicating that a reaction had occurred betw een the hydrazine and the m odified pCD. These results indicated that the p-CD had in fact been successfully m odified to
a ketone functionality that was able to react w ith the hydrazine.
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Discussion
The pathw ay that was developed for the m odification of p-CD to a p-CD with
a ketone group used exam ples of m any known synthetic procedures, as well as some
that w ere previously unknow n.
The form ation of the benzylidene derivative of m ethyl glucoside is an
exam ple of cyclic acetal form ation, which is w idely used as a m eans of protecting
hydroxyl groups on carbohydrates. This particular reaction is perform ed in
benzaldehyde as the solvent, w ith zinc chloride as the Lewis acid catalyst. The Lewis
acid catalyst serves to activate the carbonyl to be attacked at the carbonyl carbon by
one of the hydroxyl groups of the sugar. After the second hydroxyl has attacked
again at the sam e carbon, w ater is elim inated, and the cyclic acetal, benzylidene, is
form ed.
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f

H

.Zn

Ph
OCH,

Figure 16: Mechanism of attachment of the benzylidene group to methyl glucoside
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The tosylation of the the 2 position of p-CD is a sim ple S^2 reaction. The first
step, allowing p-CD to stir w ith sodium hydride overnight, allows equilibration to
occur. Therefore, the most acidic proton, the C-2 hydroxyl proton, will be abstracted,
and the C-2 alkoxide formed. The dropw ise addition of tosyl chloride at this point
allows the alkoxide to attack the tosyl chloride w ith a backside attack, displacing the
choride ion, and effectively tosylating the 2 position of p-CD. W hile no other
positions on the p-CD molecule were tosylated, the reaction did proceed with
incredibly poor yield, which could be attributed to steric problem s associated with
the large p-CD molecule, or the lack of reactivity of the C-2 alkoxide stabilized by the
C-3 hydroxyl of the adjacent glucose unit.
OH
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II
H,C

S “ Cl

OH

OTs

Figure 17: Mechanism for the SN2 tosylation of P-CD at the 2 position

The epoxidation of p-CD is an intram olecular Sn2 reaction. The presence of a
m ild base (am m onium bicarbonate) will deprotonate the C-3 hydroxyl, and that
alkoxide will attack backside to the C-2 carbon, displacing the tosylate group and
form ing the epoxide ring. In order for this reaction to take place, the C-3 hydroxyl
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and the tosylate group (formerly a hydroxyl) m ust be able to adopt a trans-diaxial
geom etry, in this case through a ring flip. Otherwise, backside attack, and a
concerted reaction, would be impossible.
OH

OH

OH

ring flip

O
OTs

Figure 18: Mechanism for the epoxidation of p-CD

The epoxide ring opening proceeds by a m echanism w hich is essentially the
reverse of the epoxide form ation. Due to the dipole interactions, how ever, the
nucleophile m ust attack at the C-3 carbon rather than the C-2. The incom ing
nucleophile w ould experience unfavorable dipole interactions at C-2 due to the
glycosidic oxygen adjacent. Thus, the phenyl selenide anion attacks the carbon at C3, displacing the epoxide oxygen, which is then protonated to the alcohol by the
solvent.
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O
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Figure 17: Mechanism for the ring-opening of p-CD manno epoxide
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The generation of the phenyl selenide anion was attem pted by several
different m ethods. A ccording to Liotta, the phenyl selenide anion generated in
ethanol w ith sodium borohydrid e forms a complexed anion.57 This complex was
later characterized and found to be a phenyl seleno (triethoxy) borate complex,
rather than the trihydroborate complex proposed by Liotta.58 Liotta also states that
the com plexed anion is less reactive than the uncom plexed phenyl selenide that
w ould be generated by either sodium metal reduction of diphenyl diselenide or
sodium h y d rid e reduction of benzeneselenol.40 It is interesting that the complexed
phenyl selenide w as more successful in opening the epoxide ring of p-C D than the
m ethods used to generate the uncom plexed anion. In both attem pts to generate the
uncom plexed anion, solubility was a problem . N either 18-crown-6 ether nor HMPA
was successful in solubilizing the precipitated phenyl selenide as described by Liotta.
Both the com plexed phenyl selenide and the p-CD com pound w ere soluble in the
e th a n o l/ w ater m ixture, possibly explaining the success of this m ethod.
The phenyl selenide derivative is easily oxidized by hydrogen peroxide,
w hich a d d s an oxygen while oxidizing the group. The truly interesting
p h en o m enon occurs in the elim ination. Selenoxides are w ell-know n for their
ability to undergo p-elim ination w hen heated. Sharpless and L auer dem onstrated
this ability quite well in their procedure to open epoxides to allylic alcohols.43 The
selenoxide functionality w ith its negative charge, abstracts the p-hydrogen in order
to elim inate as benzeneselenol and form the olefinic bond. Previously in the
literatu re, the hydrogen abstracted is never one on the sam e carbon w ith an alcohol.
In this case, it is, and the enol form ed easily tautom erizes to the ketone, yielding the
desired p-CD-ulose.
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Figure 20: M echanism of the syw -elim ination of the
phenyl selenoxide of p-CD to form the 2-ulose
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Conclusion
In o rder to modify p-cyclodextrin such that it could be a m ore versatile
substrate for the W ittig reaction, it was necessary to develop a pathw ay to
stereospecifically oxidize one hydroxyl on the secondary face to a ketone, or ulose. A
pathw ay that utilized a phenyl selenide ring opening of an epoxide, followed by
oxidation and ^-elim ination of the selenoxide, was successful in oxidizing the
analogous hydroxyl of benzylidene methyl glucoside, a one-glucose m odel
com pound for p-cyclodextrin. Prelim inary results suggest that this pathw ay is also
successful in sim ilarly transform ing p-cyclodextrin. The product m ust be further
studied and characterized by 13C NMR to confirm the presence of the ketone
functionality. Once the synthesis has been optim ized for higher yields, the reaction
of the p h osphorus ylide of dicyanoanthracene w ith this m odified p-CD can produce
a host m olecule that w ould be used for binding and photochem ical studies.
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APPENDIX OF SPECTRA

Figure 21:

NMR spectrum of 4 ,6 -O-benzylidene methyl glucoside in CDQ 3
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Figure 22: *H NMR spectrum of methyl-2,3-anhydro-4,6-0-benzylidene-a-Dmannopyranoside in CDCI3
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Figure 23:

NMR spectrum of methyl-3-deoxy-3-phenylseleno-4,6-0-benzylidene-a-Daltropyranoside in CDCI3

40

U > -7

f\—'*

_ ID

\

L.

L £
: oo

Figure 24:

NMR spectrum of methyI-3 -deoxy-4 ,6 -0 -benzylidene-a-D-erytfirohexopyranosid-2-ulose in CDQ 3
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Figure 25:

NMR spectrum of 2O-(p-toluenesulfonyl)-0-cydodextrin in DMSO
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Figure 26. 1H NMR spectrum of 2,3-anhydro-p-cydodextrin manno epoxide in D2 O

Figure 27:

NMR spectrum of 3-deoxy-3-phenylseleno-p-cyclodextrin in DMSO
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Figure 28: ^ H NMR spectrum of crude 3A-deoxy-p-cyclodextrin-2A-ulose in D2 O
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Figure 29: *H NMR spectrum of possible 3A-deoxy-fJ-cyclodextrin-2A-pnitrophenylhydrazone in D2 O

54

^ o o n , J.; Hong, S.; M artin, K. A.; Czarnik, A. W. J. Org. Chem. 1995, 60, 2792-2795.
2Ivy, R. L.; Hafez, A. M.; Abelt, C. J. J. Org. Chem. 1997, in press.
3Bender, M. L.; Komiyama, M. Cyclodextrin Chemistry; Springer-Verlag: New
York, 1978.
4Ueno, A.; Breslow, R. Tetrahedron Lett. 1982,23, 3451-3454.
5Rong, D.; D ’Souza, V. T. Tetrahedron Lett. 1990,37, 4275-4278.
6Fujita, K.; T ahara, T.; Imoto, T.; Koga, T. J. Am. Chem. Soc. 1986,108, 2030-2034.
7Khan, A. R.; Barton, L.; D ’Souza, V. T. J. Org. Chem. 1996, 67, 8301-8303.
8Breslow, R.; Czarnik, A. W. J. Am. Chem. Soc. 1983, 705,1390-1391.
9M urakam i, T.; H arata, K.; M orim oto, S. Chem. Lett. 1988, 553-556.
10Martin, K. A.; M ortellaro, M. A.; Sweger, R. W.; Fikes, L. E.; Winn, D. T.; Clary, S.;
Johnson, M. P.; Czarnik, A. W. J. Am. Chem. Soc. 1995, 777,10443-10448.
1G ib so n , A. R.; Melton, L. D.; Slessor, K. N. Can. J. Chem. 1974,52, 3905-3912.
12Kobayashi, M.; Urayama, T.; Suzawa, I.; Takagi, S.; M atsuda, K.; Ichishima, E.
Agric. Biol. Chem. 1988,52, 2695-2702.
13Tabushi, I. Acc. Chem. Res. 1982, 75, 66-72.
14R am am urthy, V.; Eaton, D. F. A cc. Chem Res. 1988,27, 300-306.
15D ’Souza, V. T.; Bender, M. L. Acc. Chem. Res. 1987,20, 146-152.
16Meisel, D.; M atheson, M. S. "Photocatalysis in O rganized Assemblies," Serpone,
N.; Pelizzetti, E. Photocatalysis: Fundamentals and Applications, John W iley&Sons:
New York, 1989.
17Gonzalez, M. C.; McIntosh, A. R.; Bolton, J. R.; Weedon, A. C. J. Chem. Soc. Chem.
Comm. 1984,1138-1140.
18Kuroda, Y.; Ito, M.; Sera, T.; Ogoshi, H. J. Am. Chem. Soc. 1993, 775, 7003-7004.
19Neckers, D. C.; Paczkowski, J. Tetrahedron 1986,42, 4671-4683.

55

20Ye, H.; Tong, W.; D'Souza, V. T. f. Am. Chem. Soc. 1992, 774, 5470-5472.
21Tabushi, I.; Fujita, K.; Yuan, L. C. Tetrahedron Lett. 1977,29, 2503-2506.
22Berger, K. L.; Nemecek, A. L.; Abelt, C. J. /. Org. Chem. 1991, 56, 3514-3520.
23Acquavella, M. F.; Evans, M. E.; Farraher, S. W.; Nevoret, C. J.; Abelt, C. J. J. Chem.
Soc. Perk.in Trans. 2 1995, 385-388.
24H ubbard, B. K.; Beilstein, L. A.; Heath, C. E.; Abelt, C. J. ]. Chem. Soc. Perkin Trans.
2 1996,1005-1009.
25Szarek, W. A.; D m ytraczenko, A. Synthesis 1974, 6, 579-580.
26Robertson, G. J.; Griffith, C. F. J. Chem. Soc. 1935,1193-1197.
27Baker, B. R.; Buss, D. H. J. Org. Chem. 1965,30, 2304-2311.
28Tuishian, D. B.; Tsang, R.; Frasier-Reid, B. J. Org. Chem. 1984, 49, 2347-2355.
29Flaherty, B.; O verend, W. G.; W illiams, N. R. J. Chem. Soc. 1966, 398-403.
30H ow arth, G. B.; Szarek, W. A.; Jones, J. K. N. Chem. Comm. 1968, 62-63.
31Rosenthal, A.; Catsoulacos, P. Can. J. Chem. 1968, 46, 2868-2872.
32Corey, E. J.; Suggs, J. W. Tetrahedron Lett. 1975,37, 2647-2650.
33Hicks, D. R.; Fraser-Reid, B. J. Chem. Soc. Chem. Comm. 1976,869-870.
34Kondo, Y.; Takao, F. Can. J. Chem. 1973,57,1476-1481.
35Tsuda, Y.; Hanajim a, M.; M atsuhira, N.; Okuno, Y.; Kanem itsu, K. Chem. Pharrn.
Bull. 1989,37,2344-2350.
36Richtmyer, N. K.; H udson, C. S. J. Am. Chem. Soc. 1941, 63, 1727-1731.
37Trost, B. M.; Fray, J. F. Tetrahedron Lett. 1988,29, 2163-2166.
38Reich, H. J. Acc. Chem. Res. 1979, 72, 22-30.
39Liotta, D.; Sunay, U.; Santiesteban, H.; Markiewicz, W. ]. Org. Chem. 1981,46, 26052609.
40Liotta, D. Acc. Chem. Res. 1984, 77,28-34.

56

41Sakakibara, M.; Katsum ata, K.; W atanabe, Y.; Toru, T.; Ueno, Y. Synthesis 1992,
377-379.
42Engman, L.; Stem, D. /. Org. Chem. 1994,59, 5179-5183.
43Sharpless, K. B.; Lauer, R. F. J. Am. Chem. Soc. 1973,95, 2697-2699.
44M artin, O. R.; Rafka, R. J.; Szarek, W. A. Carbohydrate Res. 1989, 285, 77-89.
45Reich, H. J.; Chow, F.; Shah, S. K. J. Am. Chem. Soc. 1979, 202, 6638-6647.
46Russell, G. A.; Sabourin, E.; Mikol, G. J. ]. Org. Chem. 1966,32, 2854-2858.
47N okam i, J.; K unieda, N.; Kinoshita, M. Tetrahedron Lett. 1975, 33, 2841-2844.
48Smith, D. J. H. "Phosphazenes and Phosphorus Ylides" in C om preh ensive
Organic Chemistry: The Synthesis and Reactions o f Organic Compounds, Vol. 2,
Barton, D.; Ollis, W. D. Eds. Pergamon Press: N ew York, 1979.
49H udson, R. F. Structure and Mechanism in Organo-Phosphorus Chemistry p.
229-230. Academic Press: New York, 1965.
50Smith, D. J. H. "Phosphazenes and Phosphorus Ylides" in C om preh ensive
Organic Chemistry: The Synthesis and Reactions o f Organic Compounds, Vol. 2,
Barton, D.; Ollis, W. D. Eds. Pergamon Press: N ew York, 1979.
51Freudenberg, Toepffer and A nderson, Ber., 1928, 62, 1750-1760.
52Breslow, R.; Czarnik, A. W.; Lauer, M.; Leppkes, R.; W inkler, J.; Zim m erm an, S.
J. Am. Chem. Soc., 1986, 208,1969-1979.
53Godfrey, A. G., Ganem, B. Tetrahedron Lett. 1990, 31, 4825-4826.
54Hicks, D. R.; Fraser-Reid, B. ]. Chem. Soc. Chem. Comm. 1976, 869-870.
55Liotta, D.; Santiesteban, H. Tetrahedron Lett. 1977,50, 4369-4372.
56Scarborough, R. M.; Smith, A. B. Tetrahedron Lett. 1977,50, 4361-4364.
57Liotta, D.; Markiewicz, W.; Santiesteban, H. Tetrahedron Lett. 1977,50, 4365-4368.
58M iyashita, M.; Hoshino, M.; Yoshikoshi, A. Tetrahedron Lett. 1988,29, 347-350.

57
VITA

Christine Evelyn H eath
Born in W ashington, D. C. on July 6, 1971 to Jim and Diane Heath. She has
two younger sisters, Jennifer and Cara.
G raduated from N orth Stafford H igh School in Stafford, Virginia, June 1989.
B. S. in Chem istry, The College of W illiam and Mary, W illiam sburg, VA, May 1993.
From Septem ber 1993 to A ugust 1996, the author taught science to grades 7 and 8 at
Link C om m unity School, N ew ark, NJ. In A ugust 1996, she began her M. A. degree
in Chem istry at The College of W illiam and Mary.
A fter com pleting her degree, the au thor plans to retu rn to the adventure of
trying to explain science to 12 and 13 year olds.

